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AUTHOFIZATIOn 

This  study  was  requested  in  Bureau  of  Ordnance 
letter  dated  January  11,  19i»3. 


OBJECT 

To  present  a  comprehensive  survey  and  analysis  of 
the  ballistic  perforonnce  of  li^^t  erraor  mnufactured  by 
the  ’•Pluraxaelt’*  process. 


suiijjr/ 

A  comparison  is  made  of  the  peiformnce  of  plates 
submitted  by  different  xaanufccturers  producing  light  pimor 
using  Pluramelt  plates.  The  perforxiBnce  of  Pluramelt  plates 
is  also  compared  ;vith  that  of  carburized  and  nitrided  plates, 

A  summary  of  experimental  heat  treatments  by  the  ITavnl  Proving 
Ground  is  included  together  v/ith  the  ballistic  results  ob¬ 
tained  before  end  after  treatment. 

The  analysis  of  light  armor  performance  indicctes 

that: 

Tint  Plates  roanufacturod  by  3.  C.  ^-.tkins  and 
Company  and  U.  S,  Spring  and  Bumper 
Company  from  Pluramelt  have  approxiinately 
the  same  ballistic  quality  at  the  present 
tine. 

'“fbh  Light  armor  produced  from  plates  manufac¬ 
tured  by  the  Pluramelt  process  show  a 
greater  variation  In  ballistic  properties 
than  plates  cose  carburized  and  hardened. 

Total  failures  in  1942  of  1/2”  acceptance 
test  plates  of  Pluramelt  amounted  to  I64 
out  of  928  (17.7^)  as  compared  to  17 
carburized  plate  out  of  723  (2.45o). 

Higher  limits  v/ere  obtained  at  times  with 
Pluramelt  plates  and  they  generally  shov/ed 
excellent  shock  resistance, 

^  ( c)  Results  of  experimental  work  indicate  that 
Pluramelt  plates  must  have  a  high  surface- 
hardness  to  pass  the  ballistic  test. 

Plates  having  low  surface  hardness  because  ^ 
of  incorrect  heat  treatment  or  of  surface  jui 
decarburization  v/ill  have  low  resistance 
to  penetration.  Wo  correlation  could  be 
made  with  other  physical  or  chemical  properties. 
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INTRODUCTION 


I. 


Face  hardened  light  onaor  has  been  racide  for  uany 
youis  by  case  carburizing  and  haidaning  a  lov;  carbon 
.‘Jttjol.  This  heat  treataent  develops  a  hardneos  of  over 
600  Brlnell  on  the  face  of  the  plate  v/ith  q  back  hordnory 
usually  around  400  Brinell.  Approxlxnntely  t\  o  years  nyf • , 
the  i^legheny  Ludlun  Steel  Corporation  Invusticatud  the 
poijslbilitios  of  applying  tneir  "Plurcciclt ”  process  to  the 
nu  nufacturc  of  face  hardened  light  armor.  Tills  process 
consists  of  building  up  a  uetallic  layer  on  a  base  .jetal 
by  rn  electric  arc.  ..3  applied  to  light  armor,  the  /J.leghcny 
Ludlum  Steel  Corporation  rolls  Ingots  of  low  ccjbon-nickel- 
laolybdonum  steel*  into  slabs  approximately  3”  thick.  A  2" 
layer  of  high  carbon  steel  of  similar  alloy  content  is 
molted  onto  the  slab  and  this  composite  slab  is  then  rolled 
do\in  into  the  required  plate  gauge. 

Experimental  heat  treatments  of  this  materiel  by 
E.  C.  ^*tkins  and  Company  early  in  1941  enabled  this 
company  to  qualify  as  a  producer  of  light  armor  for  the 
U.  S.  Navy,  ms  to  be  expected,  early  results  v;crc 
somev^hat  inconsistent  and  a  ccnsideiable  number  of  plate 
failures  occurred,  \/lth  more  experience,  E,  C.  Atkins  and 
Company  obtained  consistent  results  end  had  less  than  two 
percent  of  failures  in  the  first  four  months  of  1942. 

In  Larch,  1942,  the  U.  S.  Spring  and  Bumper  Company 
qualified  to  produce  light  oixaor  from  Pluraxaelt  and  sub¬ 
mitted  their  first  acceptance  test  plates  in  April,  1942, 

A  high  perxentago  of  failures  occurred  which  is  a  comiiion. 
experience  for  companies  starting  to  iianufacturc  armor 
plate.  However,  by  September,  1942,  the  number  of  failures 
had  been  reduced  to  three  percent  which  usually  is  con¬ 
sidered  acceptable. 

In  November,  1942,  failures  increased  rapidly 
until  more  than  a  third  of  the  acceptance  test  plates  of 
both  companies  wore  falling.  Some  improvement  was  obtained 
in  December,  but  the  percentage  of  plate  failures  was 
sTiill  too  higii  and,  in  consequence,  the  producers  of  light 
armor  using  Pluramelt  instituted  an  investigation  in  an 
endeavor  to  establish  the  cause  of  failures  and  to  take 
corrective  steps. 

It  should  be  noted  that  all  Pluramelt  is  Linde  by 
the  iJLleghery  ludlum  Steel  Coiporation.  The  E.  C.  ^tklns 
Company  and  U.  S.  Spring  and  Bumper  Coiapany  heat  treat 
and  fabricate  the  Pluramelt  as  received  froxa  Allegheny 
Ludlum. 
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This  lepoit  coappres  tho  pui  f  oraoncc  of  t 
Li.-or  rroaucca  by  the  dlffetont  iJLnuf v.cturers  e.nd  suc*- 
.^ilzcs  the  lesults  of  cxperiiaental  he?  t  ticatlng  of 
Pli  at  the  ilQVQj  Pioviri{  Ground, 


II  SivLUOTIC  FOIFOKIJJICI  OF  ACCEPTiJICE  TI^iT 

E.  C.  Atkina  and  Oonpeny  and  the  0.  S.  Spi  Inp,  cad 
Diujpcr  Coaranj'’  ore  the  t\/o  lai  ge  producers  of  Itcbt  arraor 
for  the  U.  S.  llcvy  using  plates  node  by  the  Pluieuielt 
piocoss,  Dlebold  Safe  and  Lock  Coupe. ny  end  Henry  Disston 
and  Sons  furnish  Bullot  Iroof  Steel  (BPS)  undo  of  care  c  r- 
burlzed  and  hardened  plates,  while  the  Reading  Hardware 
Coiporatlon  supplied  uanj?  plates  Jn  1941  v;hich  hod  been 
hardened  by  nitriding. 


Couporison  of  ballistic  peiforuence  has  been  llulted 
to  acceptance  test  plates  of  3/8"  and  l/2”  plates  since 
these  two  gQU£*es  nro  most  frequently  submitted  for  belllatio 
test.  The  overall  pt-rformrnce  of  the  different  types  of 
plate  against  .50  col.  iip  projectiles  is  given  belov;  in 
Table  I  together  with  the  performance  of  each  ^janufac toreros 
product. 


Ti^ELE  I 


Poiforuonoe  of  l/2”  BPS  Acceptance  Test  Plates. 


Type  of  foioT" 
Aiuor  Plates 

Failed 

— ^ — 

Failuies 

Total 

Plotos 

Plates 

Failed 

. T . - 

Failures 

Pluramelt 

54 

22 

41fj 

926 

164 

17.7/0 

Carburized 

71 

9 

13^/£ 

723 

17 

2.4/0 

Witrided 

41 

11 

2755 

- 

- 

- 

Company 

i.tklns  (P) 

54 

22 

US5 

553 

66 

12g 

USSoBCo.  (P) 

- 

- 

- 

375 

96 

26/0 

Dlebold  (C) 

33 

3 

9« 

440 

1 

O.zfo 

Disston  (0) 

38 

6 

16% 

263 

16 

6% 

Reading  (K) 

41 

11 

3/6"  Bu 

2755 

illot  Proof 

Stool 

«• 

Atkins  (P) 

50 

13 

Z&/o 

113 

5 

Ufo 

DSS4^Co.  (P) 

- 

- 

24 

3 

% 

Diebold  (C) 

11 

0 

0^ 

21 

0 

(^0 

(P)  =  Pluramelt 

(c) 

*=  Carburized 

(ji)  - 

Nltrided 

2 


riurt.i.xlt  pi' tc3  h^d  ovv,i  scVun  tiuon  the  pcicerit-^o 
of  :•  iluico  ol  c  jfcurlzud  pi' tes  In  1V42.  The  frets  Ihft 
Plui.-aelt  it;  t  fi'-w  type  of  llfht  niLiot  f  nd  *h't  it  v.'S  ♦it 'ted 
by  jjf  nul’ncturtrs  inexperit nc .d  in  its  pioductlon  <  ic  u*  .^oi 
f'Ctois  In  the  l.a^^e  nni.ibt :  of  fr  Hures,  It  shoujd  bu  noted 
the' t  the  jei  f oitamce  of  rll  i/iTnufe  ctuiers  L^prov-d.  consld  -r- 
( Yly  frOi.;  1941  to  1942.  Thus  i.tklns  reduc-d  tha  fc\lluiej  of 
l/4«  .'.PS  irou  41/i  In  1941  to  12;i  in  1942  r  nd  tlK:  T.  G.  Srr’ng 
'  nd  Buuper  Coia^'ny  dccjecsed  the  pexcentr/'c*  of  failures  froxa 
62.5,1  doling  the  first  lour  aoi.ths  of  production  to  8,^  in 
tne  second  foui  months  ncilod.  Tuble  2  ^Ivus  th.  ixonthly 
P'-rforta"  ncc  of  1/2”  BPG  during  1942.  The  perccntr.ge  of 
fnilurus  Is  rlvon  giciphicrlly  in  Figure  1  for  ^  tkins  and 
for  U.  S.  Spi  ing  nnd  Buaper. 


Table  2 

Lonthly  Purfonannce  of  l/2”  BPS  durinp,  1942. 


4>tkin3 

AT) 

USS&B 

i?) 

Diobold 

Dis 

ston  J 

.0) 

Total  Failed 

Total  Fc 

died 

Total  Failed  ‘yi 

Totfir 

Ff ilod  ^ 

Jan. 

47 

1 

2 

_ 

53 

0 

0 

15 

0 

0 

Feb. 

15 

0 

0 

- 

- 

- 

47 

0 

0 

6 

0 

0 

Uar. 

42 

1 

2 

mm 

- 

- 

22 

0 

0 

8 

0 

0 

ii.pr. 

27 

0 

0 

5 

5 

100 

47 

0 

0 

21 

0 

0 

hiay 

31 

4 

13 

15 

6 

40 

39 

0 

0 

10 

0 

0 

June 

20 

0 

0 

39 

17 

44 

34 

1 

3 

24 

8 

33 

July 

75 

2 

3 

29 

27 

93 

9 

0 

0 

64 

0 

0 

68 

8 

12 

28 

4 

14 

32 

0 

0 

9 

0 

0 

Sept. 

48 

8 

17 

105 

3 

3 

2 

0 

0 

37 

4 

11 

Oct. 

64 

11 

17 

59 

4 

7 

63 

0 

0 

37 

1 

3 

Nov , 

59 

21 

36 

16 

6 

38 

59 

0 

0 

31 

2 

6 

Dec. 

57 

10 

18 

79 

26 

33 

33 

0 

0 

21 

1 

5 

1942 

553 

66 

12 

375 

98 

26 

440 

1 

0.2 

285 

16 

6 

(P) 

c 

Pluramult 

(C)  *= 

Carburized 

In  an  effort  to  obtain  c  criterion  of  compniison 
other  than  that  of  passing  or  falling  ballistic  spucifica- 
tions,  r.n  attempt  has  boon  made  in  this  report  to  obtain 
r.n  average  velocity  liiait  of  light  niiaor  plates  subxaitted 
by  the  various  lannufacturers.  Since  lixaits  v/ero  gonernlly 
not  obtained  for  plates  cons idei ably  above  or  below  specifi¬ 
cation  quality,  an  average  llxiit  velocity  can  be  obtained 
froxe  only  a  fev^  plates.  However,  by  taking  the  highest 


P'.rtlf  l  pciictr'.tion  obtcinod  on  hicSb  qu:.llty  pi;  tcs  .  nd 
th’j  Invest  complete  penetration  on  It  lled  pl-ites  tofietht  r 
\.itii  velocity  liuit  for  plrtos  of  known  quality,  it 
is  pcssiblo  to  obtain  a  nudion  velocity  lia*it  foi  '11 
;  coeptrnce  test  plr.tos  which  is  indicative  of  plate  qualily. 
The  Liudl'n  velocity  lixaits  for  plates  produced  by  the  dif¬ 
ferent  i-' nufreturers  are  given  below; 


(P) 


1/2"  BPS 

Number  of 
Plates 

Median 

Velocity  Limit 

Atkins  (P) 

611 

2117  f.s. 

USS&B  (P) 

412 

2116 

Diebold  (C) 

483 

2161 

Disston  (C) 

335 

2136 

Reading  (N) 

42 

2075 

Specification 

limit 

(O.S.595)  Table 

I 

2050 

3/8"  DPS 

Atkins  (PB) 

145 

1887 

U3S£.:£  (P) 

15 

1941 

Diebold  (C) 

32 

1890 

Specification 

limit 

(O.S.595)  Table 

I 

1750 

.uramclt 

(c) 

*  Carburized 

(N)  =  Kit: 

It  is  interesting,  to  note  that  these  veluos  are 
consistent  v;ith  the  results  of  e.oceptr.ncG  tests.  Diebold 
plftos  hod  the  best  performance  nnd  had  r  median  velocity 
limit  of  2161  ft. /sec.  while  U.  G.  Spring  and  Bumper  plates 
with  the  greatest  percentage  failures  in  19i;.2  had  n  median 
velocity  ilrait  of  2116.  Thus,  the  average  Diebold  plate 
hos  f  margin  over  specifications  of  about  100  f.s.,  vhile 
U.  S.  Spring  and  Bumptjr  Company  plates  hr:ve  r.  mi  ain  of 
only  50  f.s.  The  percent  failures  would  be  expected  to  be 
much  gr orator  with  the  smaller  margin. 

The  nitrided  nla tes  produced  by  the  Reading  Hardware 
Company  had  e  coraparatively  low  median  velocity  limit  - 
2075  f.s.,  but  this  limit  probably  docs  not  represent  the 
optimum  obtainable  by  nitriding,  Reading  did  not  obtain 
adequate  control  over  their  nitriding  furnace  to  begin 
with  and  nitrided  both  faces  of  their-  plates.  The  average 
limit  for  their  last  t;venty-flve  acceptance  test  plates 
was  2103  f.3. 
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Ill 


Tn^.'n.cjiT  ok  pl.:its 

On  Juno  16,  1942,  U.  S.  Spt  in,"  '^nd  Co.irrny 

jlutc  IIB4R  (0?504  actual  c^nc,^)  fr  ilcd  the  bclllstic  test 
with  complete  Penetration  rt  2060  f.s.  The  ^a.ior  r  nd 
Projectile  Lnboratory  wgs  requested  to  heat  trert  this 
plfte  in  Older  to  determine  whether  the  plrtc  could  pr  ss 
the  apecif  iert  ions  vihe-n  hent  tree  ted  under  controlled 
conditions.  The  plnte  wes  hontod  to  1560®F,,  held  30 
minutes  r.t  tempeicturc ,  vmter  quenched  i  nd  drt  wn  one  hour 
•t  300®F.  The  ballistic  limit  \ic.a  rrised  to  2140  ft. /sec.  , 
70  ft. /sec.  above  the  specifications  for  this  thickness. 

Further  failures  of  l/2”  BPS  treated  by  U.  S.  Spring 
and  Bumper  Comptiny  made  it  seem  cdvisnblc  to  start  nn 
investigation  to  determine*  the  cruse  of  failure  and  means 
of  improving  the  ballistic  quality  of  light  eimor  made  from 
Plurnmelt.  The  first  experiment  was  to  determine  the  effect 
of  the  quenching  niedium  on  ballistic  properties.  Four 
1/2"  plates  v/ere  selected  at  random  and  treated  as  before 
with  the  only  variable  being  the  quench.  Results  were  as 
f  ollov/s ; 


TABLE  3 

Effect  of  Quenching  Medium  on  Ballistic 
Properties  of  l/2"  Pluramclt  Plates 

Brinell  Ballistic 


Plate 

No. 

Case  Depth 

Hardness 

Q.uenoh 

Lixait . 

f.s, 

Face 

Back 

feofbre 

ter 

1IB51H 

.14” 

532 

430 

V/a  ter- spray 

1813 

1910 

IIBIOR 

.17" 

555 

460 

V/Qter-still 

2048 

2150 

1IB68 

.20" 

578 

477 

Oil 

2160 (pp) 

2220 

10369 

.19" 

600 

286 

Air 

2190 

1970 

From  the  above  it  can  be  seen  that  oil  quenching 
may  provide  a  sufficiently  lapid  quench  to  develop  full 
luiidness  in  the  plate.  Even  air  cooling  resulted  in  600 
Brinell  in  the  face  although  the  low  carbon  back  failed 
to  harden  at  this  slow  rate  of  cooling, 

Plate  NB51R  failed  to  pass  specifications  after 
water  quenching.  This  failuie  is  believed  to  be  caused  by 
the  low  face  hardness.  In  order  to  check  the  effect  of 
low  fuce  hardness  on  ballistic  properties,  eighteen  addl- 
tioml  1/2"  plates  v/ere  selected  for  investigation.  Nine 

(  '  ^  .  '  K  ;  I  ,,  '"I  z'  • 
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wore  U.  S.  Spring  end  Bumpoi  Coapr  ny  plntos  whloh  hr^  falleid 
to  pnss  the  bolllstlc  test,  five  were  U.  S.  Spring  end  Bumpesr 
Coifli>-ny  plates  which  hnd  passed,  end  four  were  ^.tkins  pistes 
which  h«;d  also  jKissed  spcclflcr.tions.  Results  of  hcafdntss 
c.nd  cc  sc  depth  aecsurcaonts  wore  as  follows: 


NB74  2(360  -  Felled 

ITB58R  1‘570  -  Failed 

iIB76  2030  -  Foiled 

IJB29RR  1278  -  Foiled 

(LCP) 

1IB77  2070  -  Felled 

NB78  1915  -  Felled 

iIB73  1930  -  Failed 

KB75  2020  -  Felled 

KB79  IBOO  -  Foiled 

IIB46  2170  -  Possed 

1IB62  2130  -  Passed 

I® 50  2115  -  Possed 

IIB44  2095  “  Pr.ssed 

1^B43R  2115  “  Passed 


Brlnell 

Hordnegs 

Reported 

Obtained 

Case 

by  Ufr, 

by  IIPG 

Depth 

601-477 

532-444 

.15" 

601-477 

477-387 

.16” 

601-444 

512-375 

.17” 

601-477 

477-418 

.18” 

601-444 

532-387 

.18” 

601-444 

532-402 

.18” 

601-477 

512-460 

.20” 

601—444 

532-387 

.20” 

601-444 

532-378 

.20” 

601-514 

555-477 

.15" 

601-477 

555-444 

.16” 

653-477 

600-477 

.17" 

601-477 

555-444 

.18” 

601-477 

555-444 

.19” 

G57H 

2160  - 

(Hl^P) 

G50H 

2160  - 

G81H 

2139  - 

G95H 

2092  - 

(HPP) 

Passed  627-477 

Passed  653-477 
Passed  627-495 
Passed  653-430 


555-460  .16'’ 

555-444  .18” 
600-477  .20” 
600-387  .20” 


Hardness  values  reported  by  the  manufacturer  ere 
consistently  over  600  Brlnell  which  docs  not  correspond  with 
results  of  hardness  tests  made  e.t  the  Havnl  Proving  Oround. 

It  is  thought  that  the  discrepancy  is  partially  due  to  the 
difference  in  aaount  ground  off  the  surface  before  xnoking 
the  hardness  test.  If  the  surface  is  ground  sufficiently 
to  remove  any  decarburization,  a  correctly  heat  treated  plate 
\i»ill  hove  a  hardness  of  600  Brlnell  or  higher. 

*  ‘  However,  none  of  the  plates  that  foiled  hod  0  face 

hardness  cs  high  as  555  Brlnell  regardless  of  the  amount 
I  of  grinding,  kitcroscopic  cTomination  of  samples  from  the 

*  plates  did  not  si^ow  an  excessive  numbor  of  inclusiuns  nor 
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th.  ncc  of  suifKcu  ducMburizt  tion.  xl'.rv.j  of  th  Ov: 

*  -s  v;-  r  .  u  trcrtud  by  holding  thirty  minutes  t  t  15^0®?.  , 
oil  quenching  f  nd  dr'.wing  one  houi  -.t  300®F.  ^.11  thi -e  t'I' tes 

.r  s3eG  tile  sT-viClf icf.tions  by  luore  thf.n  100  ft. /see.  eft-r 
:  eti ei.t i:i^.  Thi-  tnliistic  test  lesults  before  end  after 
1-  «re:. tfflent  *  1  e  given  bulov  together  \^ith  hoidness  £ij'..sure- 


t.  nd  col  bon 

content. 

Brincll 

Hardness 

Ballistic  Licit 

?1  to 

USt^iT  1:0 

treatment ) 

>  Cl 

hlmim. 

f  .s. 

i'o. 

Face 

ia^ 

j?ace 

rniiS 

Before 

b73 

600 

430 

62 

24 

1930 

23.0 

hi  75 

600 

418 

55 

15 

2020 

2170 

-■h79 

555 

375 

55 

15 

1800 

2170 

It  will  bo  noted  that  IIB73  with  d  bOO  Biinell  ^ce,  430 
Brinoil  bad  end  i  case  thickness  of  01’20  -  40>o  case  -  had 
a  limit  of  2330  ft./sv-c.  This  limit  is  considerably  above 
the  £  veiago  end  indiertes  that  a  herd  thick  ce^co  supported 
by  a  fnirly  hold  bach  will  lesult  in  excellent  lusistance 
to  penetration. 

The  difficulties  encountered  by  the  U.  0.  Spring 
End  Biimpor  compf  ny  appeared  to  be  duo  to  incorrect  b*  at 
treatiaont  in  that  maximum  nardnoss  was  not  developed  in  the 
ft  CO  of  thoii  BPS  plftes.  Mien  the  plt^tes  weie  rotrentod 
under  controlled  conditions,  all  the  oil  quenched  and 
tempered  plates  passed  specifications.  Results  of  the 
-xportme-nts  conducted  at  the  Naval  Pi’oving  Ground  v#erc  made 
'  vailf.  blu  to  the  U.  S.  Spr  ing  and  Bumper  Company  at  tt  con- 
-icncc  on  July  22,  1942,  By  moiling  suitable  changes  in  the 
..wet  tiuating  furnace,  the  company  reduced  its  percentage 
failures  from  93;^  in  July  to  y,o  in  September. 

Near  the  end  of  1942,  both  U.  G.  Spring  and  Bumper 
Eiid  ^.tkins  began  to  ht.ve  an  excessive  number  of  plrite 
fuiluius.  Ohlcn-Bishop  Company,  fi  subcontractor  for  ..thins, 
also  had  uany  rejections.  In  hovembci  and  December,  ten 
Pluirmielt  plates  v.eio  letieated  at  the  Nevr  i  Proving  Ground 
ay  voter  quenching  from  15b0®F.  and  drav/in  ’  '.t  300®F.  .11 

plates  passed  the  specifications  on  retest.  The  plates 
veie  '  ater  quenched  becouso  no  facilities  weie  rvril  .ble  for 
cuenching  full  size  plates  in  oil  and  because  previous 
experience  in  July  hrh  shov.n  little  diiference  caused  by 
the  method  of  quenching. 

Later,  one  (1)  U.  S.  Spring  rnd  Bumper  Company  plrtc 
rii  threa  (3)  Ohlen-^Blohop  platos  oil  quenched  instead 
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of  '.I'  toi  qu-iich^id.  Two  of  th>  four  plrtcs  the  b?  1- 

liKtic  test  of  ter  rutr- ntaout .  The  pL' t*  s  tiir  t  fril.d  w.  i  r 
found  to  hr, VC  low  surfree  hardness  presuanbly  due  to  the 
lower  hm  denability  of  e  decorburized  layer  on  the  ‘^urf'  ct 
of  the  plftes.  Since  the  plates  hed  been  hurt  tiented 
before  the  original  testing  at  the  Ilaval  Proving  oround,  no 
i‘t-linble  estiorto  of  the  initial  nxiiount  of  deenrbur Izot  U  n 
could  be  Lirde  but  it  appeared  to  have  been  over  VOIO. 

A  hardness  survey  of  forty- two  plctos  subaitted  by 
both  i^tkins  and  U.  S.  Spring  and  Buaper  emphasized  the 
necessity  of  having  e  high  face  hardness  since  all  the 
pic  tea  tlic.t  failed  gave  low  Brinell  hardness  rer  dings.  No 
cor  relation  could  be  made  v^ith  other  physical  or  chiaaict  1 
properties,  lileven  U.  &.  Spring  and  Bumper  Company  plates 
showing  t  ithei  high  or  low  ballistic  Halts  ere  listed 
below  together  with  their  main  chcr  ncterlstics. 


T.^LE  4 

Passed 


tlrjgin 

Brinell 

Decerburization 
jp  »  Pronounced 

SaCorbon 

Plate 

ft^ec. 

Face 

Bpek 

5SCase 

. S  -  Slight  „ 

Face 

Back 

357 

+  125 

555 

401 

26 

P 

59 

17 

361 

139 

601 

401 

33 

S 

53 

20 

366 

■*-  135 

555 

363 

22 

P 

58 

17 

374 

+  244 

555 

415 

24 

P 

54 

19 

375 

+  145 

601 

401 

33 

S 

59 

15 

387 

+  213 

578 

kli 

31 

P 

12 

12 

Average 

+  167 

574 

400 

28 

665S  P 

57 

18 

Failed 

348 

-  522 

477 

415 

33 

P 

50 

20 

349 

-  452 

514 

477 

33 

P 

51 

20 

356 

-  537 

495 

415 

24 

VP 

58 

19 

360 

-  109 

534 

375 

26 

P 

51 

17 

380 

-  I83 

ilk 

429 

p 

kl 

12 

,t.varage 

-  360 

507 

422 

27 

lOO'o  P 

51 

19 

In  order  to  make  a  thorough  study  of  the  cruse  of 
plate  failures,  the  Bureau  of  Ordnance  requested  /Jlegheny- 
audlum  and  /*tkins  to  furnish  the  Unval  Proving  Ground  v/ith 
six  l/2”  Pluramelt  plctes  in  the  hot  rolled  and  annealed 
condition,  examination  of  samples  cut  from  the  nlfites 
as  received  indicated  the  following: 


Plr  r  > 

H'  t  Case  Depth 

Case 

Bock 

Surface  Case 

it. 

11988-5 

0.10" 

267 

229 

.007"  Decarbur izution. 

.JJ 

11988-5 

0.10” 

267 

229 

.007"  Decor  bur izat ion. 

B 

21017-5 

0.11" 

248 

262 

Ferrite  Bonds  to  Depth 
of  .025". 

HI 

21017-5 

0.10" 

248 

262 

Ferrite  Banda  to  Depth 
of  .025". 

to 

11936  -5 

O.U" 

269 

288 

Partial  decarb  to  Depth 
of  .005". 

G26FA 

11965-10 

0.11" 

262 

253 

Partial  decarb  to  Derrt;h 
of  .005". 

Plates 

G18J  and 

020FA 

were 

cut  in  half  to  permit 

both  oil  f.nd  water  quenching.  The  plates  were  hardened 
by  holding  thirty  ainutes  at  1560®F.  and  drawing  one  hour 
at  300°F.  Plates  /JI  and  Ht^  were  given  a  preliminary 
noriiialize  at  lb50®F.  for  thirty  ainutes  and  air  cooled. 
Samples  cut  from  the  plates  after  hardening  were  found 
to  have  the  following  characteristics: 


Brinell 


Plate 

G.uench 

Face 

Back 

Surface 

A 

Oil 

637 

415  ) 

Thin  layer  free  ferrite  at 

All 

Oil 

627 

4X0  )“ 

surface. 

B 

Oil 

611 

421  ) 

Banding  not  noticeable  except 

BK 

Oil 

601 

U5  ) 

for  occasional  peai’lite  layer . 

018-0 

Oil 

601 

388 

Fully  roar  tensitic . 

018-V/ 

b'ater 

653 

415 

Fully  martensitic. 

020-0 

Oil 

601 

388 

Some  free  ferrite  in  case. 

G26-V7 

Voter 

627 

415 

Fully  xior tensitic , 

Results  of  ballistic  tests  are  given  below: 


_ 50  cal .  AT  L2 _ 

Striking  Velocity 


Plate 

Ouench 

Gauge 

Renuired 

Limit 

A 

Oil 

0V486 

2030 

2140 

id'I 

Oil 

0V488 

2035 

2164 

B 

Oil 

0V500 

2065 

2262 

BN 

Oil 

0V501 

2066 

2220 

018-0 

Oil 

oy495 

2053 

2226 

G18-V/ 

Water 

0V492' 

2045 

2262 

026-0 

Oil 

0"500 

2065 

2155 

G2o-W 

\/ater 

0V497 

2058 

2272 

genftT'al 

From  these  results 
obsci vat inns. 

,  It  is 

possible  to  make 

some 
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Plate  B  -  Annealed 


Ferrite  banding  to  depth  of  about  .025 


lOOX  2*  Nltal  Etch 


t 


i 


p*  * 


lOOOX  Picral-Nltal  toh 


lOOOX  Picral-Nital  Etch 


Plate  B  -  P««rllt«  bend  below  aurfac© 


f  . 

'*•9  r 

— ^  .f' 

c  ^  i  y  ^ 

Figure  4 


PXat.e  a->26  -  Oil  .ueaohed 


oloular  ferrite  in  the  ease 


{ a )  Effect  of  Decarburization . 

Surface  defects  appear  to  be  oore  detrlxaental 
than  defects  in  the  body  of  BPS  plates.  In  Figure  2, 
photooicrograptos  of  the  edge  of  plates  A  end  B  as  annealed 
shov(  deceibuiization  to  a  depth  of  .00?”  in  A  and  feiiite 
bending  to  a  depth  of  .025”  in  B.  Vhen  hardened,  Plate  A 
had  r.  layer  of  ferrite  at  the  surface  while  B  had  little 
ierrite  at  the  suiface  but  had  long  peaillte  bands  belo’.v 
the  suiface  (Figure  3).  These  pearlite  bands  ere  for.aed  in 
low  alloy  regions  in  oil  quenching  the  plate.  The  prei'ci.ce 
oV  these  low  alloy  legions  wei  e  shown  in  the  annealed  stf/ e 
by  the  ferrite  bands.  On  ballistic  testing,  Plate  B  \  as 
found  to  have  120  ft. /sec.  higher  lliait  than  i..  It  is 
tnought  that  this  difference  Is  due  to  the  presence  of  the 
feriite  layer.  The  Drinell  test  does  not  Indicate  this 
surface  defect  because  the  f en  ite  layer  is  reuoved  by 
grinding  when  preparing  the  sample  for  hardness  testing. 

(b)  Effect  of  Noriaallzing. 

The  noi  aalizlng  of  annealed  '-luraiaelt  plates 

before  hardening  had  little  or  no  effect  on  the  ballistic 
limit.  The  additional  heat  tieetment  provides  further 
opportunity  for  suiface  decor burizat ion  and  Is,  therefore, 
not  considered  advisable. 

(c)  Effect  of  Quenching  i..edluia.. 

Plate  a-18  had  approximately  the  same  limit  on  cither 
oil  or  T*«itei  quenching,  while  Plate  0-26  had  a  120  ft^feec. 
lower  limit  when  oil  quenched  than  v/hen  water  quenched.  The 
microstructure  of  the  face  of  the  oil  and  water  quenched 
plates  furnishes  a  possible  explanation  for  these  results, 
Plate  0-18  was  fully  Xiiartensitic  at  the  surface  in  either 
quenching  medium,  but  Plate  0-26  developed  some  aciculor 
ferrite  v.hen  oil  quenched  while  it  vbs  fully  xaartensitic 
on  water  quenching  (Figure  A). 

From  previous  v;ork  on  Pluramelt  and  from  tac 
above  data,  it  is  thought  that  in  the  absercc  of  surface 
dccarburlzatlon,  oil  and  v/ater  quenching  wi-il  x’ive  similar 
ballistic  results,  v/lth  partial  decar burlzarlcn,  thu  water 
quenching  will  give  htglier  ballistic  limits;  '•-'’aile  heavy 
decor  burizat  ion  will  result  in  plate  failures  oxi  either 
\/ater  or  oil  quenching. 

Little  data  is  available  on  the  permissable  depth 
of  decarburizetion  of  the  face.  Plate  a  above  passed  the* 
specifications  by  a  margin  of  100  ft. /sec.  and  had  .007” 
decarburizat  Inn .  Plf^te  I1P356  testfid  In  Jon'iary  (s  d 
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/*ppendlx)  felled  vhen  oil  ruenched  and  bei  ely  passed 
\.cter  cuenched.  This  plate  had  over  0.020”  fecarburlzatlon 
which  thus  nust  be  considered  an  excessive  'tiount. 

IV  Biscussior 

Light  amor  produced  froxa  plates  i^ade  by  the  Pluranelt 
process  has  had  an  excessive  peioentr.re  of  :ailu:cs  in  3T12  - 
17 *7p  of  l/2”  acce’’tance  test  plates.  Thf  failures  cnn  h: 
^'ttrlbuted  to  a  large  extent  to  the  fact  that  Pluiexacit  l-s 
o:  ly  recently  been  used  for  araor  rlate  end  that  it  is 
1  eated  by  uanufacturers  inexperienced  in  its  iroduction. 

•■''le  perfoixonnce  of  BPS  plates  treated  oy  «.ti  ins  t  nd  b"  1.  0. 
c:?r'.n  and  Buaper  Coupany  has  been  siiiilfr  duiinr  the  pr.Dt 
B  lx  uionths. 

^t  pi  esent ,  the  xia in  weakness  of  Pluramelt  plates  Is 
the  viide  variation  in  penetiation  lesistance  shorn  by  test 
olatos.  Several  1/2”  acceptance  test  plates  of  Pluiaiaolt 
have  had  high  lixilts  (above  2300  ft. /see.)  when  tested  with 
.50  cal.  bullets.  2300  ft. /sec.  is  higher  tlien  any 

lied 1 3  deterxolnoci  for  carburized  or  nltrided  plotee  at 
t.io  Aiaval  proving  Oiound.  Piuiaiaeit  has  also  exy-llwlit 

snook  resistance.  Lnder  the  new  specifications,  Buord  Sp^Jc, 

O.S.  2775,  several  l/2”  carburized  plates  have  failed  tlie  shook 
t-st  'with  ZOuL.  II3  pro;Jnctiles  while  all  Pluraxuelt  plates  have 
Successfully  passed  this  test, 

Kecent  failures  of  plates  iuanufactuiod  by  £,.  C.  Atkins 
.‘.'nd  coaprny  end  by  the  U.  S.  bpring  and  Burapar  Coupany  can 
ho  partly  accounted  for  by  surface  deem  bur  izat  ion  v/hi.'t  is  .j 
l-'r  loduccd  during  heat  treating,  and  dur  ing  i oiling  ana  3 

t.j-,  aling  operations  by  the  ^dlcghony  Ludluxi  Steel  Corpora 
lion,  idl  possible  uear.s  should  be  usud  to  alaiuize  this  , 
defect  on  3rS  plates. 

Results  of  oxporimental  work  at  the  llavel  Proving 
Qround  indicate  tlirt  Plurauelt  plates  having  high  surface 
htj: dne s s  xuoy  hove  satisfactory  ballistic  properties.  On  the 
Owher  hand,  plates  tiavlng  lov-’  surface  liar  dnuss  due  to  incorrect 
u«at  truatxuent  or  to  excessive  surface  decnr burizctlon  \111, 
in  general,  have  lov^  resistance  to  penetration. 

For  the  past  two  years,  tensile  strength  data  furnished 
by  a  xi.unufactuier  on  the  Iot;  carbon  back  of  plurraixelt  plates 
have  been  ^  s  follows: 


ricld  Point 


Tensile  Strength 


^  Elong. 


>  Area 


D 


These  phyalual  propel  ties  aie  of  little  value  for  puri;'S°es 
of  correlntioa  since  they  have  not  varied  with  changes  in 
cheialcDl  analysis,  gauge  or  heat  treatsiont.  It  is  ques¬ 
tionable  v'hother  it  in  necessary  to  obtain  tOu.Tlle  test® 
results  on  BPS  plates  but  is  is  essential  that  the  low 
ctibon  back  have  sufficient  hai donubility  to  he.iden  tlirough- 
out  on  oil  quenching.  Brinoll  hardness  leadings  on  the  back 
of  Pluiauelt  plates  should  be  token  by  grinding  down  below 
any  surface  decarburization  before  ioeking  the  imiarcssion  in 
Older  to  obtain  c  repi esentative  value. 


V  APPEI3)I2; 

gxporiri  'ntal  Eoheat  Tpatment  of  1/2"' 
j^iura^nt  at  iha  ilavai  fepvtnft  dro^d 


U.  S,  Spring  and  Bumper  Comnony 

Ballistic  Liait,  f.s. 
Quenching  After  Reheat 

Dote  Plate  Medium  As  Subi.ilrtcd  Ti’ontx^ent  by  KPG 


June  16,1942 

NB4R 

July  3 

NB51R 

July  3 

NBlOPv 

July  3 

IiB68 

July  3 

NB69 

July  17 

IIB51K 

July  20 

NB73 

July  20 

NB75 

July  20 

NB79 

July  22 

im29RR 

Sept.  22 

NB14 

Dec.  26 

NB315 

Jan .  2 ,  1943 

NB356 

Jan.  2 

NB356 

Atkins 

Oct.  29,1942 

G4E 

Nov,  3 

O46D 

llov.  3 

OIF 

Nov.  3 

G16C 

Dec.  26 

G46DR 

V.'ater 

^'a  ter- spray 

’  ?a  ter- c  till 

Oil 

Air 

Oil 

Oil 

Oil 

Oil 

Oil 

V/ater 

Water 

Oil 

V/ater 


\/ater 

V/ater 

V/ater 

Water 

Water 


2060  (LOP) 

1813 

2043 

2160  (PP) 
2190 
1813 
1925 

2020  , 
1800 
1278 
1925 
1940 
1510 
1510  ^ 


^77- 

2630 

2055 

2065 


2140 
1910 
2150 
2220 
1970 

2005 

2330 

2170 

2170 

2100 (PP) 
1954 (LCP) 

2209 
1900 
62067 


% 
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Dec.  26,1942 

18 

V/ater 

1712 

2401 

Dee.  26 

29 

^Tater 

1955 

2238 

Dec ,  26 

40 

V/ater 

2201 

2444 

Dec,  26 

50 

V/ater 

1883 

2367 

Dec.  30 

43 

V/nter 

2130 

2280 

Ian .  5 »  1943 

18 

Oil 

1712 

2058 

Jan.  5 

29 

Oil 

1955 

2129 

Jan.  5 

50 

Oil 

1883 

2188 

Allegheny- Ludluia 
~(Sreen  Plates) 


Jan. 

23.1943 

A 

Oil 

2140 

Jan. 

23 

AN 

Oil 

2164 

Jan* 

23 

B 

Oil 

2262 

Jan, 

23 

BN 

Oil 

2220 

Jan. 

23 

01 8-0 

Oil 

2226 

Jan. 

25 

Gi8-v; 

Mater 

2262 

Jan. 

25 

026-0 

Oil 

2155 

Jan. 

25 

G26-V/ 

V/ater 

2272 

0 


